Abstract The Toluca Valley is located on the high plains of Mexico, where there are significant industrial zones and large populations. Water needs are almost exclusively met by groundwater, which has brought about intense exploitation of the aquifer and indication of some contamination. The present study investigates the effect of urbanization, related to industrialization of the region, on groundwater in the central portion of the Toluca Valley aquifer-a zone with high population density and where the largest industrial park is located. A general decline in the groundwater level has been found over the years, at a rate of as much as 2.5 m/year. The appearance of a large drawdown cone was identified, indicating changes in the direction of groundwater flow. Also identified was the presence of several ground fissures, the location of which coincided with the drawdown cone. In hydrochemical terms, the water type is sodium-magnesium bicarbonate and this characteristic has not changed over time, although it has been possible to detect the presence of larger quantities of sulfates (up to 117 mg/L) and nitrates (up to 47 mg/L) in recent years, likely associated with contamination from industrial and urban wastewater. 
Introduction
Migration from rural to urban zones leads to a series of social, economic, political, and natural impacts (Corniello et al. 2007) . Those that are more easily identified are associated with expansion of the urban footprint and increased demand for resources in order to satisfy the needs of populations settled in these areas. One of the resources most in demand is water (Carlson et al. 2011) , which can come from surface as well as ground sources.
It is important to mention that large cities depend mainly on groundwater, for example, Dhaka, Bangladesh (Morris et al. 2003) , Delhi, India (Dash et al. 2010) , Hong Kong, China (Jiao et al. 2008) , and Seoul, South Korea (Choi et al. 2005) , among others. This has led to intense exploitation of aquifers, bringing about significant changes in flow regime and groundwater quality (Naik et al. 2008; Howard 2007) . In Mexico, clear examples of groundwater dependency include Mexico City (Carrera-Hernández and Gaskin
The urbanization phenomenon occurring in these cities impacts water resources in several ways, for example, impermeabilization of aquifer recharge areas, subsidence, modification of the course of rivers, variations in water level of surface bodies of water and aquifers, water contamination, etc. (Jeong 2001; Carrillo-Rivera et al. 2008; Carlson et al. 2011; Foster et al. 2011 ). In the case of water contamination, it is important to consider that an increase in population also produces an increase in the volume of wastewater generated, which may be discharged into surface bodies of water or, in many cases, directly into the soil, due to insufficient sewer network coverage. Also important is the fact that, even when a sewer network exists, it may have leaks, which also contaminate groundwater (Naik et al. 2008; Leung et al. 2004 ).
An example of this problem is the Toluca Valley aquifer, located in the high plains region of Mexico. This zone is subject to a process of industrialization and accelerated population growth; the intensity of these phenomena has been very high since the 1980s. This growth in both population and productive activities has created a high demand for water, which is almost entirely met by groundwater. Intense extraction of groundwater has led to a significant decline in groundwater levels, subsidence and ground-fissuring processes, desiccation of springs and lagoons, as well as a decrease in river flow volume. In addition to these negative results, which have been determined in previous studies (Esteller and Díaz-Delgado 2002; Calderhead et al. 2011) , mention should also be made of degradation of groundwater quality due to increased salinity and higher concentrations of certain metals (Fe and Mn) and nutrients (NO 3 ) (Esteller and Andreu 2005; Esteller et al. 2012) .
A large percentage of groundwater extraction is concentrated in the central portion of the Metropolitan Zone of the City of Toluca (MZCT), the fifth largest in Mexico (INEGI 2004) . This zone also includes the two largest population centers in the valley-the municipalities of Toluca and Metepec. In addition, this central portion contains a large industrial network with diverse industries, including food, pharmaceutical, automotive, beverage, and paint plants, among others (INEGI 2009) .
Therefore, the objective of this study is that of identifying how the urban zone has grown and how groundwater levels behave as a consequence, as well as physical-chemical changes in water that may have occurred in this central portion of the aquifer, where the MZCT is located.
Description of the study area
The Toluca Valley aquifer is located in the central portion of the State of Mexico, covering an area of 2,738 km 2 (Fig. 1a) . Identified within this region is a plain that covers 700 km 2 , with a major axis running north-south for 35 km and a minor axis running eastwest for approximately 20 km, at an altitude of 2,570 masl. Bordering this plain, there is a series of mountainous elevations, with the La Guadalupana Volcano (3,360 masl) and the El Águilar and Monte Alto mountain ranges to the north, the Tenango and Zempoala Volcanoes to the south (3,340 masl), the Las Cruces and Las Iglesias mountains to the east, and the Nevado de Toluca Volcano (4,690 masl) and the Morelos mountain range to the west.
In terms of climate, most of this region is defined as sub-humid temperate C(w2)(w), while the eastnortheast region, which includes the Las Cruces and Monte Alto mountains, has a semi-cold climate of type C(E)(w2)(w); the highest part of the region, Nevado de Toluca, has a high cold climate (E(T)H). Total precipitation varies between 1,300 mm in the highest areas and 800 mm on the plain, most of which occurs between April and October; the average annual temperature in the plains region is 14°C, with an average maximum of 17°C and minimum of 0°C.
This aquifer in question is located in the physiographic region known as the Trans-Mexican Neovolcanic Belt, consisting of a corresponding Cenozoic calc-alkaline volcanic strip. The lithological sequence is associated with Oligocene andesites and rhyolites, Miocene andesites, and Quaternary basalts and andesites, as well as pyroclastic and breccia materials, which are abundant in the mountains (Las Cruces mountains and the Nevado de Toluca Volcano) and make up a large part of the fractured aquifer (Fig. 2) . On the plain, lacustrine and alluvial sediments were identified, interspersed with volcanic clastic materials (pyroclasts, tuffs, and breccias), comprising the detritic aquifer, which is subject to intense exploitation (Fig. 2) . The thickness of the detritic material varies from a few meters at the base of the mountains to over 500 m in the center of the valley; it is identified as being of Late Pliocene-Quaternary age. This detritic material overlies the basement that consists of rhyolites, andesites, and basalts (CONAGUA 2002) . The detritic aquifer is composed of several aquifer units-an upper aquifer primarily composed of alluvial materials, acting as a unconfined or semi-confined aquifer depending on area (thickness of 0-13 m), and a semi-confined lower aquifer unit, separated from the former by alluvial and pyroclastic layers, as well as fractured volcanic basaltic and andesitic rocks (thickness of 100-400 m). It is important to note that this subdivision is more complex at a detailed level (Calderhead et al. 2011) , given that several aquifer units can be defined in certain zones of the aquifer, especially in the central valley, where deposits of interspersed clay and alluvial materials have been identified.
Hydraulic parameters show a wide range of variation, due to the lithological and geometrical variability of the deposits. Nevertheless, it is possible to differentiate zones according to their hydraulic conductivity. In the area of the Alzate Dam, conductivity values vary between 4 and 12 m/day; in the Almoloya del Río zone, they vary between 40 and 81 m/day; and in the central zone, they are roughly 4 m/day (Ariel 1996) . The storage coefficient varies between 0.9 and 0.3 % (CCRECRL 1993) .
Laterally, the detritic aquifer is primarily recharged from the Nevado de Toluca and Las Cruces mountains and, to a lesser extent, by means of direct infiltration of rainwater. Outlets are mainly associated with underground discharges into the Ixtlahuaca-Atlacomulco Valley and well exploitation.
The Toluca Valley aquifer is subject to intense groundwater exploitation with an extraction rate of 
Methods
The present study focuses on the central portion of the Toluca Valley aquifer, where the MZCT is located, between latitude 19°14′39 and 19°19′43 north and longitude 99°42′47 and 99°42′45 west, covering roughly 155 km 2 with slopes of 0 to 2 % and low hills (Fig. 1) . With regard to groundwater levels, the database used contained information from 1968 to 2010 from the network of multilevel monitoring wells installed in the Toluca Valley. This network comprises 47 multilevel monitoring wells, each of which is equipped with several piezometers (between five and six), installed at different depths (from 10 to 180 m). These multilevel monitoring wells were spatially distributed throughout the aquifer; specifically, five were identified in the central portion of the aquifer and 11 in adjacent areas (Fig. 1b) . In order to corroborate the location of these points, a field survey was conducted and geographic coordinates with topographic elevations were recorded, given that the databases did not include this information.
Records of groundwater levels were reviewed and used to build up a database that was later exported to a Geographic Information System (GIS) in ARC GIS 9.3. This database included groundwater level measurements for each multilevel monitoring well, as well as certain additional data, for example, geographical coordinates, topographic elevation, code "o" identification and piezometer depths, as well as lithological columns.
Once the database was complete, temporal evolution graphs were generated, plotting groundwater level against year. In addition, with the aid of Arc View 3.2 software (ESRI 1999), contour maps were developed for groundwater levels. The level data used were those obtained from the deepest piezometer in each multilevel monitoring well (150 m, on average). The year 1970 was used as a baseline, or initial year, since it is the year with uniform information recorded in the whole database for all multilevel monitoring wells. The maps were generated using data from all (47) multilevel monitoring wells located in the Toluca Valley.
Interpolation between points was performed using the Spline method (ESRI 1999), assigning such variables as groundwater level, depth of level and decline in level, as well as z-values with the number of closest neighbors equal to 12. As a result, maps were obtained for each of the variables mentioned above. In addition, and with the help of Surfer V.6 software (Golden Software Inc. 1997), interpolation was performed using the kriging method to corroborate the results obtained with Arc View 3.2. Thus, it can be affirmed that the results obtained with each software (Arc View 3.2 and Surfer V.6) are identical.
Ground fissures
Field surveys were conducted in order to identify fissures and establish some of their characteristics, for example, length and thickness, and to assess the damage caused by the fissures to existing urban infrastructure. In addition, wells located near fissures were identified, in particular those near the fissure known as "San Pedro Totoltepec." During these surveys, control points defined by the State of Mexico General Civil Defense Department were located that indicate risk zones resulting from the presence of fissures. All of the information obtained was organized in a database that became part of the GIS used in this study.
Hydrochemical changes
Information regarding the physical-chemical characteristics of groundwater over several years (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) was obtained by consulting a variety of bibliographical sources and databases. In the study area, a total of 54 wells were identified where water analyses had been performed during this period. Those parameters with the most frequently recorded information are as follows: pH, electrical conductivity (EC), total dissolved solids (TDS), Ca , although some showed problems of continuity over time, making it difficult to evaluate their temporal evolution.
In addition, a sampling campaign (35 samples) was conducted in 2010, during which the selection criteria were as follows: (1) proximity to identified ground fissures; (2) sampled at the time of earlier campaigns, for which information was available; and (3) spatial distribution covering the defined study zone.
With a view to measuring field parameters, water was collected in plastic containers that had been previously washed in the laboratory, and water temperature, pH, TDS, and EC were measured using an Orion 5-Star Plus multiparameter meter for temperature and pH and a Carnis Check Mate 90 conductivity meter for EC. Alkalinity was also determined in the field using the titration method with a 0.05-N HCl solution.
The water samples were collected according to Boulding (1995) and APHA, AWW, and WEF (2005) , and minority elements (Fe, Mn, Si), being preserved with nitric acid at a pH less than or equal to 2. The samples were stored under refrigerated conditions (4°C) until analysis. The following determinations were made in the laboratory: nitrates and sulfates using U-UV spectrophotometry, chlorides using volumetric analysis, and Ca All the physical-chemical results were evaluated using AquaChem 3.7 software (Waterloo Hydrogeologic 1999) . This enabled generation of Stiff and Piper diagrams. In addition, isocontent maps were generated with Arc View 3.2 software (ESRI 1999) . The procedure adopted for creating the maps was the same as that used in the groundwater level study, but in this case the z variable represented the values of the physical-chemical parameters studied. Furthermore, the results obtained with Arc View were corroborated with Surfer V.6 software.
Statistical analysis
A factor analysis (FA) was also performed to better understand the hydrochemical data and identify the most significant factors-smaller in number than the amount of samples and measured attributes-that explain variability in the data. Factor analysis provides an average to determine significant relationships between parameters and samples (Jeong 2001) . The parameters measured in a physical-chemical analysis are the variables, whereas observations are the analysis of date and different location. It is important to remember that most physical-chemical studies are described by a large number of variables; nonetheless, many may be related, and therefore, duplicate information almost always exists, obscuring explanation of the basic structure of the system. Therefore, FA seeks to substitute these for a few of their functions without losing too much information, thereby better facilitating analysis and interpretation of the data. The FA provides a method to construct new, uncorrelated, and mutually independent variables. Each factor is a linear combination of the original variables. The next step in the analysis is to reduce the contribution of the least significant factors (those with eigenvalues less than 1) and thereby obtain a new group of factors that are extracted by Varimax rotation. Finally, in this study, a model was defined by those factors with eigenvalues greater than 1.0 (Liu et al. 2003) .
The variables under consideration were as follows: CE, Tª, HCO 3 
Results and discussion

Urban growth
Expansion of the urban zone in the central portion of the Toluca Valley aquifer is a consequence of industrialization and the resulting migratory flow of the population. This has led to construction of large housing units as well as development of the municipality of Metepec in the Metropolitan Zone of the City of Toluca-a phenomenon that is having a significant impact.
The creation of an industrial zone in the eastern part of the City of Toluca was facilitated by acquisition of large areas of land at low cost. In addition, widening of the Mexico City-Toluca highway and the provision of such urban services such as drinking water, sewage, and electricity influenced the urban development of the area (GEM 2005a, b) . Other factors were the large number of services offered by the municipality of Toluca-education, health, transportation, sports and food markets, among others, as well as increased infrastructure and the widening of roadways (GEM 2005a, b) (Fig. 3) .
In the specific case of Toluca, the population grew from 89, 895 Figure 4 shows how the urban zone has expanded during the period from 1725 to 2008, demonstrating that most of this growth occurred during the 1980s, primarily in the City of Toluca. In addition, during the 1990s, the municipality of Metepec was developed into the Metropolitan Zone of the City of Toluca.
Hydrodynamic changes
Groundwater extraction
Groundwater has been exploited in the Toluca Valley aquifer, from its inception (in the 1950s) to the present, principally to meet the needs of the population and industry (Table 1, Fig. 3 ). In the central portion of the aquifer, 210 wells have been identified, which correspond to 28 % of the 767 wells that exist throughout the entire aquifer (IMTA-CONAGUA 2009), although there may be more wells, as other studies have cited as many as 935 (Calderhead et al. 2011) . The main uses of the extracted water are urban and industrial, which represent 57 and 34 %, respectively, of the total volume extracted in this central portion of the aquifer (Table 1, Fig. 5 ). The number of wells designated for each use is a reflection of current demand and, possibly, future demand in the area. Figure 5 shows the greatest density of wells and the highest pumping rates found in the industrial zone, where the most extensive ground fissures are also identified (San Pedro Totoltepec fissure).
Temporal evolution of groundwater level
A total of four multilevel monitoring wells were identified in the study zone-PL-140, PL-158, PL-201, and PL-205 (Fig. 1b) -for which groundwater level data are available from 1968 to the present. Lithological columns of these multilevel monitoring wells (Fig. 6) demonstrate the existence of complex interlayering of clay (aquitard) and detritic materials (aquifer) that discriminate between a number of production units and Fig. 3 Relationships between population increase, regional development and groundwater extraction (Mejía et al. 2007b) groundwater flow systems, with corresponding differences in water level, within the heterogeneous aquifer system. Figure 7 shows groundwater levels declining over time, with a very evident decrease beginning in the 1980s, due to intensive extraction from the aquifer in order to meet public and industrial demand (Figs. 3 and 5) .
In multilevel monitoring well PL-140 (Fig. 7a) , groundwater levels can be seen to have declined over 30 m during the period 1968-2010, at an average rate of 0.8 m/year. The same effect can be seen at all monitoring well depths, including the shallowest level of 35 m. Figure 7b shows the evolution of levels in multilevel monitoring well PL-158, where decline over the study period is found to be minimal in piezometers installed at depths of between 26 and 72 m, especially in the shallowest piezometer. In the piezometer at a depth of 112 m, a greater decline of roughly 37 m is observed, representing a drawdown rate of 0.9 m/year. At a depth of 135 m, evolution of the water level indicates that, at the beginning of the study period, the groundwater level was higher than that corresponding to the probe installed at a depth of 112 m, which would suggest a "charge" level, a condition that ceases to exist in 1978, after which a sleep decline begins and lasts through 1990, at a rate of 2.55 m/year (data are not available for previous years). In the deepest piezometer (150 m), a continuous decline is found between 1968 and 1985, subsequently followed by recovery and then stabilization. This stabilization may be due to the fact that, in 1985, some of the wells located in the City of Toluca were closed as a precautionary measure, due to the appearance of ground fissures. In multilevel monitoring well PL-201 (Fig. 7c) , groundwater levels corresponding to piezometers installed at depths of 66 and 79 m show a continuous decline of over 40 m during the 1968-2010 period (1 m/year). On the other hand, recordings from the shallowest piezometers (depths of 36, 23, and 12 m) indicate uniform behavior with minimal decline. Nevertheless, beginning in 1985, there is evolution that can be defined as a recovery process, with levels continuing to decline but at a slower rate, and stabilization is even observed in the last decade. It is important to note that this multilevel monitoring well is located in the center of the City of Toluca and may also reflect the suspension of pumping activities at some wells, as mentioned previously.
In the case of the Pl-205 multilevel monitoring well (Fig. 7d) , a declining water level trend can be seen at the level of the deepest piezometer (150 m), with a rate of 1.1 m/year. The values for levels in the shallowest piezometers show uniform behavior, with no significant changes over the study period.
In summary, the greatest declines are found in the deepest piezometers (>90 m), with an average of more than 1 m/year. In addition, uniform behavior can be identified in levels registered at the shallowest piezometers, characterized by minimal decline in levels when compared with the remaining piezometers. The decline in the deepest piezometers can be attributed to the fact that most extraction wells have been drilled to depths of more than 100 m (IMTA-CONAGUA 2009).
Another contributing factor to temporal evolution in groundwater levels may be associated with reduced recharge volume, as a result of an increase in urban impervious areas. On the other hand, there could be recharge due to reduced evapotranspiration and leaks from drinking water and wastewater mains, as well as infiltration from irrigation of such recreational areas as parks and sports grounds (Lerner 2002; Naik et al. 2008; Vázquez-Suñé et al. 2005 , 2010 Healy 2010; Foster et al. 2011 ). In the Mexican case, estimated leaks from drinking water mains vary between 30 and 60 % (Jiménez et al. 2010) ; in Toluca in particular, the estimate is 30 % (Fonseca et al. 2013) . No information is available on leaks from the combined wastewater-stormwater runoff mains, but similar percentages are reasonable estimates.
In the case under study, recharge gain and loss factors appear to be in balance. This is reflected in the shallowest piezometric measurements, which show little net decrease when compared with deep piezometers. A particular example is PL-201 (Fig. 7c) , located in the center of the urban area (Fig. 1) , which seems to be unaffected by changes.
One should bear in mind that deep recharge directly from the surface (or the unsaturated zone in the case of leaks from water and sewage mains) is very limited due to the presence of impermeable layers and aquitards, as mentioned in the description of the study area.
PL-140 is a particular case showing a drop in groundwater level in all piezometers. This can be explained, on the one hand, by the fact that this multipiezometer is located at the edge of the urban area and, as a result, could still be unaffected by urbanization. On the other hand, the fairly uniform sand and gravel lithology found at this location (Fig. 6 ) may elicit a simultaneous response to pumping. Figure 7 also shows how vertical hydraulic gradients have evolved. At the beginning of the study period, they were not very significant, as indicated by small differences in the elevation of levels at different depths. As pumping became more intense and its effects more notable (decline in groundwater level, especially at the greatest depths), the vertical gradient began to increase, which may have led to contaminants entering from the soil surface (Rudolph et al. 2005 ).
Spatial evolution of groundwater level
As can be seen in the temporal evolution of groundwater levels, significant variations exist in the behavior of these levels, mainly between 1970 and 2010, the period that was studied in order to spatially evaluate these variations (Fig. 8) . The map for 1970 (Fig. 8a) shows how groundwater levels range from 2,750 masl in the extreme SW region of the study zone to 2,570 masl in the extreme NE. The hydraulic gradient shows a high value of 1 % in the extreme SW, which decreases in the direction of groundwater flow (SW-NE) to a value of 0.3 % in the extreme NE.
For the year of 1980, the groundwater level configuration does not show any significant change (Fig. 8b) . Nevertheless, beginning in the 1990s (Fig. 8c) , this configuration undergoes expressive modification, with flow from SW to N and groundwater level values between 2,730 and 2,570 masl, respectively. In addition, during previous decades, groundwater levels showed no variation in the extreme SW, but did undergo changes in their configuration, primarily in the center of the City of Toluca.
These changes continued until the year 2000 (Fig. 8d) . Comparing this year with 1970, groundwater level isolines define hydraulic gradients with values of 0.3 % and groundwater levels decline from 2,630 to 2,560 masl. Lastly, comparing the year 2010 with 1970 (Fig. 8a, e) , the groundwater level in the extreme NE declined from 2,570 masl in 1970 to 2,550 masl in 2010, indicating a 20-m reduction in groundwater level in this NE area.
This change in groundwater level configuration is also reflected in flow direction. In 1979, groundwater flowed from SW to NE, whereas in 2010 flow converged onto the industrial zone.
The map of drawdown isopleths for the period 1970-2010 (Fig. 9) shows the greatest accumulated declines (over 40 m) occurring in the central portion of the Toluca Valley aquifer, defining a drawdown cone that encompasses most of the urban zone and extends towards the northeast (industrial zone).
It is worth mentioning that, in 1970, the deepest water level was determined to be 50 m in the southern 
Ground fissures
Several fissures have been identified in the urban and industrial zone (Fig. 9 ) that appear to be related to both well density and extraction volumes (Fig. 5) . It is important to mention that the most extensive fissure, San Pedro Totoltepec (4.5 km length), is located in the sector identified as industrial. The greatest fissure effects are observed in residential housing areas, where fissures effecting channels filled with wastewater and sewage networks may cause groundwater contamination. In addition, it is important to mention that water extraction wells exist near the fissures, and therefore, they may be at risk of contamination. Such risk could be detected by the presence of anomalous concentrations of certain elements or chemical compounds, for example, Cl (Naik et al. 2008; Vázquez-Suñé et al. 2010 ).
Hydrochemical changes
The chemical characteristics of groundwater for 1991, 1998, 2004, and 2010 were spatially represented using Stiff diagrams (Fig. 10) , based on data obtained from samples collected over the years. This spatial representation shows that groundwater in the study area has similar characteristics, and its Mg-Na-HCO 3 composition does not change drastically over time. No sectors are found to have any specific different characteristics.
The temporal evolution of NO 3 − , Cl−, and SO 4 2− concentrations was evaluated in detail, making it possible to identify anthropogenic contamination related to wastewater discharge as well as sewage main leaks (Bathrellos et al. 2007; Leung et al. 2004; Wolf et al. 2006; Corniello et al. 2007 ). This is found particularly in the case of the Bomberos and SEDAGRO wells (Fig. 11) . The SEDAGRO well is located in the southern sector of the study zone and has information available for 2004, 2005, 2007, 2008, 2009, and 2010 . Figure 11a shows how concentrations of Cl (Fig. 11b) . Similar to the SEDAGRO well, a tendency is seen for concentrations of these ions to increase, especially SO 4 2− . Figure 12 shows isoconcentration maps for nitrates for the period 1991-2010. In 1991 (Fig. 12a) , the highest concentrations of nitrates (15 mg/L) were detected in the SE and NE sectors, whereas in the remainder of the zone, concentrations were less than 5 mg/L. In 1998 (Fig. 12b) , the highest NO 3 − concentrations were found in the northern portion of the City of Toluca, with values of 25 mg/L, whereas lower concentrations were observed in the central part of the city, with values of 5 mg/L. In the SE and the NE portions, concentrations between 5 and 15 mg/L were present. In 2004 (Fig. 12c) , the highest concentrations of NO 3 − were identified in the NE sector of the study zone, with values between 10 and 15 mg/L. In 2010 (Fig. 12d) , the highest concentrations were located in the central area, with maximum values of 30 mg/L, whereas concentrations were less than 5 mg/L in the remainder of the zone. It is important to emphasize that the zone with the highest concentrations of NO 3 − corresponds to the urban area, and therefore, based on an initial evaluation, it can be inferred that these values are due to the influence of domestic sewage discharge. This is consistent with such studies as Jin et al. (2003) , Corniello et al. (2007) , and Wolf et al. (2006) , indicating serious problems related to leaks in sewage mains, which could contribute to a certain amount of nutrients and salts, particularly nitrate. Differences in the concentrations of majority ions can be explained by the lithology of the aquifer, as well as differences in water residence time, since longer residence contributes to the enrichment of Na + , for example (Esteller et al. 2012) . It is also important to consider the incidence of anthropic factors related to urban land use (Jeong 2001; Naik et al. 2008) . With respect to compliance with quality standards established for water destined for human consumption and use, only NO 3 − and
Assessment of chemical characteristics: 2010 sampling survey
Fe exceed the limits established by Mexican legislation. The Piper diagram (Fig. 13) shows groundwater as sodium-magnesium bicarbonate water, with a low to medium sulfate and chloride content, although magnesium-sodium and magnesium-calcium water types were also identified. This diagram also shows the existence of three clusters: GI, GII, and GIII.
The GI cluster corresponds to wells with a higher sulfate content and includes samples 3, 8, 10, 28, and 34 and samples 18 and 20, which are identified as the San Antonio Abad and Santa María Totoltepec wells, respectively ( Fig. 1) , located in the vicinity of the San Pedro Totoltepec fissure. The GII group includes samples with a lower sulfate content. Some of these samples (2, 4, 5, 26, and 31) are also located near fissures (Fig. 1) , although such samples as 9, 19, and 22 do not appear to be related to the presence of fractures. It is also important to consider the possibility that not all fractures in the aquifer have been mapped.
Another aspect of note is that the samples included in these two groups also have high nitrate values (>5 mg/L), although they do not exceed 45 mg/L, indicating an anthropogenic contaminant input.
The GIII group consists of samples containing less sulfate (and nitrate, although there are some exceptions, for example, samples 6, 13, 21, 33, and 35) , and as a result, this group could represent the aquifer without anthropogenic interference, which is characterized by calcium bicarbonate water.
As already mentioned, the GI cluster is characterized by high concentrations of sulfate, with two points that stand out as being characterized by sulfate-bicarbonate water. These points correspond to the San Antonio Abad (18) and Santa María Totoltepec (20) wells, both of which are located less than 500 m from the San Pedro Totoltepec fissure, in the NE portion of the study zone where land use is primarily industrial.
The San Antonio Abad well is one of the 82 wells operated by the Toluca Water and Sanitation Company. It has a constructed depth of 134 m and a static water level depth of 38 m. On the other hand, the Santa María Totoltepec well is operated by the local drinking water commission. This well has a constructed depth of (Hudak and Sanmanee 2003) . Given that higher concentrations have been identified in the study area, the existence of anthropogenic sources must be assumed. For example, sulfate concentrations in urban wastewater normally range from 100 to 300 mg/L (Vázquez-Suñé 2003), the sources of which include urine, feces, washing clothes, and kitchen wastes. High concentrations of sulfates are also detected in industrial wastewater (Hudak and Sanmanee 2003; Choi et al. 2005) , and therefore, it can be presumed that this wastewater could contribute to the presence of sulfates in groundwater as a result of infiltration through fissures.
It is important to take into account ("Spatial evolution of groundwater level" section) that there is a certain degree of hydraulic isolation between deep productive levels and shallow aquifer levels due to the existence of an aquitard. Therefore, fissures play an important role in creating preferential flow pathways and permitting contaminant migration from the surface (Bense et al. 2003; Kontogianni et al. 2007) . Several examples of investigations exist that have focused on relating fissures to contamination of deep aquifers. For example, the study developed by Borja and Rodríguez (2004) in the Salamanca aquifer, Mexico, demonstrates how electrical conductivity increased as much as threefold in areas with fissures, as well as a rapid transit time of substances through fissures. This access to the aquifer is demonstrated by the presence of vanadium groundwater originating from thermoelectric power plant emissions (Mejía et al. 2007a ).
Assessment of contributions by factor analysis
Previous sections have indicated that water chemistry in this sector of the aquifer is the result of natural waterrock interaction and anthropogenic processes principally related to pollutant seepage. To better distinguish the influence on groundwater chemistry of these two sets of processes, factor analysis was used.
Factor analysis indicates that five factors explain nearly 100 % of the total sample variance (63.52, 22.35, 8.12, 5.73 , and 0.27 % with eigenvalues of 7.83, 1.70, 0.61, 0.43, and 0.02 for factors I, II, III, IV, and V, respectively). Varimax rotation enabled factors I and II to explain 85.87 % of the variance. This high percentage suggests two processes driving groundwater chemistry in the study zone.
Factor I, explaining 63.5 % of the total variance, had a strong positive correlation (>0.75) with Mg (Table 4) . Factor II, which added 22 % to variance explanation, was , and to a lesser degree with temperature (Table 4) . Factor I likely represented the basic process of groundwater mineralization, in which certain types of contaminants can be presentrelated to SO 4 2− and Cl − as well as NO 3 − and K + -the origin of which may involve infiltration of both industrial and urban wastewater (Hudak and Sanmanee 2003; Esteller et al. 2012) . Factor II likely represented the process of interaction between groundwater and silicate materials present in the aquifer. High concentrations of Si and Na + , as well as higher temperatures, would indicate a longer residence time, which would allow for longer interaction between water and solids, as well as a higher dissolution rate of less soluble minerals, for example, feldspar and mica (Appelo and Potsma 2005) . Figure 14 shows the relationship of factor loadings to groundwater variables and how variables are related to the processes of water-rock interaction (upper quadrants). On the other hand, variables characteristic of urban pollution sources were located in the lower quadrants. Therefore, factors I and II presumably indicated contamination and natural processes, respectively.
Conclusions
The central portion of the Toluca Valley aquifer is characterized by a rapid urbanization process which was facilitated by an industrialization process in the 1980s. The demand for groundwater has increased as a consequence of industrial development and population growth. In the municipality of Toluca and the sector in which the industrial zone is located, well density is high and the groundwater extraction rate is calculated as being 134 Mm 3 /year. Due to intensive exploitation, some changes can be seen in groundwater flow direction in the central portion of the Toluca Valley aquifer. Such changes are primarily influenced by water extraction in the NE sector, where the industrial zone is located. In addition, temporal evolution of groundwater levels makes it possible to calculate declines of more than 30 m for the period 1968-2010. A drawdown cone has formed as a result of this decline in groundwater level, which encompasses part of the sector where the municipality of Toluca is located.
Groundwater hydrochemistry in the central portion of the Toluca Valley aquifer has not shown any significant changes over the years; nevertheless, concentrations of certain chemical elements, including Cl , can be identified mainly in the industrial zone, although they do not exceed water quality standards for human consumption and use. High concentrations of Cl − and NO 3 − are also present in the sector where the urban zone is concentrated. During the 2010 sampling campaign, two wells (San Antonio Abad and Santa María Totoltepec) showed characteristics that differed from wells in the remainder of the area. Since these wells are located in the industrial zone and close to the most extensive fissure, the industrial zone could be considered a focus of contamination, Lastly, based on variations in flow direction and the appearance of a drawdown cone, it can be said that changes are evident in the hydrodynamics of the central portion of the Toluca Valley aquifer, although such changes in hydrochemistry only appear to be reflected at certain points, in some wells located near fissures.
Thus, it would be important to consider conducting studies for evaluating some of the parameters that serve as indicators of contamination-including NO 3 − , Cl − , and SO 4 2− , in addition to boron, which has already been used as an indicator of contamination in urban areas.
